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Abstract
Microwaves are a type of electromagnetic radiation that
can pass through a variety of commonly found materials
but partially reflect off human bodies. Microwaves are non-
ionizing and at controlled levels do not pose a danger. A
wave that is capable of passing through materials could
have useful applications in human-computer-interaction.
However, only recently the full potential of microwaves for
interactive devices has begun to be explored. Here, we
present a scalable, low-cost system using an array of off-
the-shelf microwave Doppler sensors and explore its po-
tential for tabletop interactions. The arrays are installed be-
neath a desk, making it an ubiquitous device that enables a
wide range of interactions such as 3D hand tracking, ges-
ture recognition and different forms of tangible interaction.
Given the low cost and availability of these sensors, we ex-
pect that this work will stimulate future interactive devices
that employ microwave sensors.
Author Keywords
Tabletops; 3D tracking; Gesture recognition; Wireless power
transfer; Microwave Sensors.
ACM Classification Keywords
H.5.m [Information interfaces and presentation (e.g., HCI)]:
Miscellaneous
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Introduction
The desktop has become the place where modern workers
spend a significant amount of time during the day [3]. The
tools that populate the desktop have been evolving; from
quill and paper, to the typewriter and ultimately to the per-
sonal computer with the mouse and keyboard as the estab-
lished peripherals. However, new paradigms of interaction
have been introduced to facilitate how we work with digi-
tal information. For instance, tangible interaction [5] allows
us to control digital entities through physical representa-
tions [12]. As an example, the Reactable [6] is a tabletop
interface that visually recognizes the position of the objects
located on the surface. At the same time, mid-air interac-
tions using the 3D position of our hands or finger gestures
have become widespread thanks to commercially available
sensors such as the Leap Motion or Microsoft Kinect.
Figure 1: A) A DeskWave array is
placed underneath a table,
enabling various interactions such
as: B) 3D tracking, C) gesture
recognition, D) tangible interaction
with support of stacking, and E)
material recognition.
We propose using an array of low-cost and low-power mi-
crowave Doppler sensors to sense user’s gestures and
interactions above desks. These sensors can be placed
below the table and will sense through non-metallic sur-
faces, allowing for easy integration of the system in a wide
range of office and home environments. The system is
easily scalable, allowing coverage of any required size or
shape of desk. We present potential applications in hand
tracking for generic 3DOF input, gesture recognition, tan-
gible interaction and material characterisation (Figure 1).
Microwave sensing presents several advantages over op-
tical systems such as robustness against occlusions from
objects and lighting conditions. Since the device can oper-
ate behind surfaces, the device is less obtrusive than other
methods which may require the sensing equipment to be
visible. Additionally, non-camera based solutions are gen-
erally perceived as more private [8]. Ambient environmental
integration of the system follows Weiser’s principle of calm
technology [17], where the table can be used in a traditional
sense and the input mechanism can remain in the user’s
periphery.
With the release of off-the-shelf Doppler microwave sensors
(HB100 - 10GHz) a range of new possibilities for interac-
tive devices in HCI appears. These sensors are affordable
for sensing applications but possess some limitations com-
pared to expensive specialised Doppler equipment. In this
paper we explore the new interactions offered by the HB100
sensors despite their simplicity.
Related Work
Microwaves have been used in the past for human-computer
interaction. Using the change in frequency from a WiFi
Doppler signal, it is possible to detect simple body move-
ments [11] [14]. A portable system was able to recognize
simple hand movements [7] with existing radiation from TV
or other emitters and had very low power consumption due
to its direct but effective algorithm. Microwaves and depth
sensors have been combined to detect hand gestures un-
der adverse conditions of visibility [10].
Using multiple microwave sensors it is possible to deter-
mine the position of objects. MTrack [16] employs a 60 GHz
transmitter and 2 receivers to track a pencil or a metallic
object inside a small 2D space. RFCapture [1] is an array
composed of 16 emitters and 4 receivers, operating over a
frequency band from 5 GHz to 7 GHz, capable of tracking
the human body through a wall.
Recently, project Soli [9] has been released. It is a custom-
built microchip with 2 emitters and 4 receivers operating
at 60 GHz allowing detection of fine hand gestures [15].
Soli can also recognize objects and material that above
it [18]. However, at 60 GHz the attenuation of microwaves is
greater than at lower frequencies limiting the sensors range
and capability to pass through dense materials. Further-
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more, due to the high frequency used and small factor of
the chip the interaction space is limited above the device
and cannot be easily expanded. This makes Soli unsuit-
able for the larger scale tabletop interactions we have envi-
sioned.
A limitation that we found in previous systems is that they
use RF equipment and thus required especial expertise be-
yond the traditional Maker skills (e.g. RF connectors, coax
wiring or impedance matching). Soli can be use directly off-
the-shelf but it is proprietary and controlled by Google and
currently for obtaining one the prospective users have to go
through an application process. In contrast, we analyse the
interactions enabled by simple, low-cost and off-the-shelf
sensors. We explore a free open design which can be as-
sembled and modified by everyone.
Figure 2: a) A 3x3 array b) A 32
element array with a checkboard
pattern. c) Acquisition board.
Principles of Microwave Doppler
Microwaves are part of the electromagnetic spectrum posi-
tioned between radio and infrared with a frequency range
from approximately 1 GHz to 110 GHz, giving a wide vari-
ation in wavelength, i.e. from tens of centimeters to mil-
limeters. Microwaves are non-ionizing radiation, meaning
they do not possess enough energy to push electrons from
atoms or molecules. Microwaves get reflected by most met-
als and the human body; whilst microwaves get absorbed
by water, they mostly pass unimpeded through common
solids such as wood, concrete or plastic.
The Doppler effect occurs when an wave, reflects off a
surface moving towards or away from the emitter. This
reflected signal is frequency shifted in accordance to the
velocity of the reflector. In the GHz range, equipment that
directly measures frequency is expensive. This is why it is
common to mix the emitted signal with the received sig-
nal in an analog circuit. Due to trigonometric identities, the
mixed signal has a high frequency component equal to the
addition of the emitted and received signal frequencies, and
a low frequency component which is the difference between
the signals frequency. The high-frequency component can
be low-pass filter and the low-frequency difference signal
can be easily sampled.
Advanced Doppler systems can detect the direction of
movement using IQ demodulation, side band filtering or
carrier demodulation [2]. Also, the distance to the target
can be estimated with Frequency Modulated Continuous
Wave (FMCW) systems [13]. These features are not imple-
mented by the HB100 sensor.
DeskWave System
A DeskWave array is composed of several HB100 microwave
Doppler sensors in different layouts (Figure 2 a and b) that
depend on the desired application, an acquisition board
based on Arduino, common electronic components, and a
PC able to process the signals and run interactive appli-
cations. The system is installed behind a surface or below
a desk. In our experiments we deployed the system be-
low a 3mm Medium Density Fiberboard (MDF) board, 3mm
acrylic sheet or also a 7mm pine wood table but we con-
sider the system could support a wider variety of materials.
HB100 microwave Doppler sensor
The HB100 microwave Doppler sensor is an off-the-shelf
component that can be purchased for less than 3$. The
HB100 operates at 10.525 GHz and consumes an approx-
imate current of 40mA at 5V DC. The sensor is an inte-
grated package comprising an oscillator, transmitting and
receiving dipole antennas, an amplifier and a mixer. The
sensors has three connections: 5V, GND and IF (which is
the mixed signal).
Specialized systems are compatible with IQ-demodulation
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and FMCW methods which provide a rich set of information.
Unfortunately out-of-the-box, the HB100 does not support
IQ-demodulation. For IQ, it is necessary to have access to
the individual emitted and received signals and mix signals
across different sensors. However, the HB100 comes as an
integrated chip and does not support external signal mixing.
Whilst driving the HB100 with different voltages, there was
no observed change in the fundamental transmit frequency,
ruling out FMCW radar applications.
The HB100 exhibited frequency variations across different
sensors and the mixed signal was not consistent, making
phase tracking difficult. Also, the values the sensors output
at the IF were not uniform in range or in offset; values from
-300mV to 300mV DC covered all the sensors that were
tested.
Electronics such as smart light bulbs come equipped with
microwave Doppler sensors but it is hard to separate the
sensor from the rest and the cost is higher. Another alter-
native are Gunn diodes like the ones used in speed guns,
the problem is that they are ten times more expensive and
require a bulky horn antenna to function, contrary to the
PCB-integrated dipole antenna used in the HB100. These
facts make the HB100 the best alternative for affordable
microwave Doppler arrays.
Acquisition Board
An Arduino Nano was used as the open source controller
on the acquisition board. A 64-channel custom-made multi-
plexer was used to receive the mixed signals from the sen-
sors. The Doppler signals were not higher than 30Hz so
an ADS1015 12-bits Analogue to Digital Converter (ADC)
with a sampling rate of 3.3Ks was used to convert the val-
ues into a digital signal. A higher precision ADC would have
been desirable, but using readily available common compo-
nents opens the design up. The ADC was used in differen-
tial mode with a set gain of x16 and powered with the 3.3V
DC from the Arduino Nano. An Arduino MEGA was used as
a 64 channel demultiplexer (Figure 2.c).
The Arduino Nano uses 6 digital outputs to address the
sensor to be read through the multiplexer. The same ad-
dress is fed into an Arduino MEGA with 64 digital outputs
to power the sensors. When a specific sensor is powered
and addressed, the ADC performs a reading. The Arduino
Nano iterates over all the connected sensors and sends the
values to the computer through serial communication func-
tioning at 2.5 Kbaud. Sensors values were sent while the
ADC was obtaining the data, to maximize system speed.
The system could sample up to 64 channels with a sam-
pling rate of 2Ks amongst all the channels.
Signal processing
For each Doppler signal, we normalized the raw signal us-
ing the maximum and minimum values observed for the
specific channel. Several features were extracted from the
Doppler signal. The DC offset is the difference between the
current value and the neutral value; where the neutral value
is the voltage value that the sensor provides with no objects
above it, i.e. a quiescent value. Additional features from the
time domain are extracted, namely amplitude, frequency
and phase. We tested a traditional Fast Fourier Transform
(FFT) with 128 samples and a Blackman window, however
a peak detection algorithm provided better results.
On previous systems, state of the art sensors and electron-
ics with high component tolerances were used to give uni-
form and predictable results. Using HB100 sensors makes
microwave Doppler input modalities available to a wider au-
dience. However, since the sensors were designed only to
broadly detect movement, some of the advance techniques
implemented in previous work employed were not available.
For instance, IQ-demodulation cannot be used to determine
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the direction and FMCW does not work to determine the
distance. Moreover, the phase of the signal is difficult to use
for estimating distance. As a result we rely on less tradi-
tional features such as the amplitude or the voltage offset.
Figure 3: Doppler signals from a
single sensor. An object moving at
low speed towards the sensor (a)
and a faster object moving away
from the sensor (b); a skew on the
sine wave towards the right or left
is caused depending on the
direction of movement. c) rapid
movement towards the sensor, the
direction is indicated by the
increase in amplitude.
Enabled Interactions
In this section we describe how to combine different lay-
outs of sensors and algorithms to enable various types of
interactions.
3D Hand Tracking
This interaction encompasses the estimation of the 3D po-
sition of a hand or similar object above the sensor array.
This interaction can be used for navigating 3D scenes, as
a game input or simply as a cursor on normal GUI appli-
cations. At least a 3x3 layout was required to obtain useful
positions. The best result was obtained using the amplitude
of the oscillating signals. This amplitude is proportional to
the distance from the sensor, the size of the object, the ma-
terial and the angle. The simplest algorithm was to estimate
the XY position using the centroid of the amplitudes and
the height using the magnitude of it. The algorithm that pro-
vided the best results was a Multi-layer Perceptron (MLP)
Regressor with 5 hidden layers. The neural network was
trained using amplitude data from the sensors as input, and
3D hand positions from a Leap Motion as target. We used
the AlgLib library with Batch L-BFGS as training method.
In the attached video it can be seen that the results were
accurate enough to enable various applications.
The direction of movement can be sensed using the HB100
with only one sensor and without IQ modulation. Owing to
small distortions on the sensor circuitry, the Doppler sig-
nal presented a skewness which can be used to obtain the
direction of the movement. Therefore, if a maximum peak
was closer to the previous minimum, the object was mov-
ing towards the sensor; whereas if the maximum peak was
closer to the next minimum, the object was moving away.
The amplitude of the received signal can be used an indi-
cator of the distance of the sensor, since the received sig-
nal strength decreases as the object moves away and vice
versa (Figure 3).
Gestures
Gestures of the hand usually include movement of the
fingers as well as swipe gestures. The frequency of the
Doppler signal is proportional to the speed of the moving
object and the amplitude is closely related to the object’s
size, distance, angle and material. Therefore different ges-
tures can be detected using a combination of the received
signal properties. For example, a closing hand gesture can
be differentiated from a finger bending at the same speed
by their received signal amplitudes, as in the former case
a larger object is moving. A swipe towards one direction
generates a received signal increasing in amplitude, initially
stronger in the sensor of origin and moves towards another
sensor, the frequency can be used to determine the speed.
We conducted a pilot study with 4 participants, using a 3x3
layout, differentiating between 5 gestures: swipe left, swipe
right, push towards the array, raise hand and closing fist.
The gestures were repeated 5 times each for the training
and another 5 for the evaluation. Using an MLP classifier
(12 hidden layers); RMS, amplitude and frequency data
from the sensors was used as input. The system was able
to classify these gestures with an average accuracy of 94%
(SD=0.04). The study demonstrates even a simple system
with minimal training provides similar accuracy to previous
systems using specialized equipment.
Small gestures can be used alone as simple actions like
scrolling with the browser or reading through emails. They
can also be used in combination with traditional inputs such
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as mouse and keyboard to have gestural shortcuts at one
side of the computer. The accuracy of hand tracking and
gesture recognition is not as good as optical systems (e.g.
Leap Motion) but Deskwave provides a more ubiquitous
alternative besides offering other features such as tangible
tracking and material characterization.
Tangible Interaction
Microwaves will be partially reflected by some materials
above the table. Moreover, since the distance between the
sensor and the object is fixed, the DC offset from the sen-
sor can be used an as an estimator of either the thickness
or material of the object. This can be used to track tangi-
ble tokens that are on the table. For this interaction, several
sensors are required if support for multiple tokens is de-
sired. The sensors can be as spread as possible to cover
the largest area of interaction but if they are too separated
the objects may fall into a blind area and not be detected.
Here we made a cross-check layout of 32 sensors designed
to sense objects around 2 times the size of the sensors.
The algorithm consists of generating a 2D image with the
offsets and then using the centroids of the blobs as the po-
sition of the tokens. The magnitude of the centroid indi-
cates either the thickness or the material of the token. This
provides interesting interactions since the tokens can be
stacked or identified by their composition.
Different objects cause specific DC offset values, for in-
stance a wallet reflects less than a mobile phone or your
keys. This can be used for context aware applications. For
instance, the PC could establish a connection with your
phone when it is detected on the surface, or open Ama-
zon when your wallet is placed. Interestingly, this effect was
continuous, so it was possible to roughly detect the amount
of water poured into a plastic glass.
The mean quiescent value (n=20) when the sensor was
placed below a 3mm thick MDF was 85.32mV (SD=0.24).
When other sheets (100x100x3mm) were placed above, the
value was: 86.24mV (SD=2.50) for clear acrylic, 90.48mV
(SD=2.01) for MDF, 104.4mV (SD=1.62mV) for polyvinyl
chloride and 87.56mV (SD=1.75) for plywood.
Microwaves can transfer a significant amount of power in a
wireless manner with efficiencies as high as 90% [19]. This
could be used in combination with 2D position tracking and
material recognition for activating the sensor below a phone
to charge it, or to blink the LED on your key chain. However,
the design of a more efficient receiver and powerful emitter
is needed.
Conclusion
We have presented different configurations of microwave
Doppler arrays and algorithms that enable applications
in hand tracking, tangible interaction, gesture recognition
and material characterization. This work indicates that mi-
crowave Doppler sensing can be used for multiple interac-
tions using simple, affordable and scalable systems.
Microwave sensing may not be favorably perceived due to
their common use in food preparation. However, this radia-
tion is safe if the intensity is kept below thresholds, ICNIRP
1998 [4]. Recently, there has been an increase in the use
of microwave Doppler interactive devices but those sys-
tems, although clearly a feat of engineering, are not openly
available to most researchers in the HCI community. Ad-
ditionally, we have detected novel uses of the technology
like tangibles with stacking. We hope to see more interac-
tive devices using off-the-shelf microwave arrays since they
offer a safe technology resilient to occlusions and light con-
ditions with a multitude of interaction possibilities (code and
hardware attached in the supplementary material).
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